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ABSTRACT
This publication contains the summaries for the Fifth Annual JPL Airborne Earth
Science Workshop, held in Pasadena, California, on January 23-26, 1995. The
main workshop is divided into three smaller workshops as follows:
The Airborne Visible/Infrared Imaging Spectrometer (AVIRIS)
workshop, on January 23-24. The summaries for this workshop
appear in Volume 1.
The Airborne Synthetic Aperture Radar (AIRSAR) workshop, on
January 25-26. The summaries for this workshop appear in
Volume 3.
The Thermal Infrared Multispectral Scanner (TIMS) workshop, on
January 26. The summaries for this workshop appear in Volume 2.
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FOREWORD
In two of the papers for the AIRSAR Workshop, reference is made to color slides.
A packet containing these slides was supplied at the time of the initial
distribution of this volume.
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1 . INTRODUCTION
In 1993 NASA's Jet Propulsion Laboratory Airborne Synthetic Aperture Radar
system (AIRSAR) was deployed to South America to collect multi-parameter radar data
over pre-selected targets. Among the sites targeted was a series of wind streaks located in
the Altiplano of Bolivia. The objective of this investigation is to study the effect of
wavelength, polarization, and incidence angle on the visibility of wind streaks in radar
data. Because this is a preliminary evaluation of the recently acquired data we will focus
on one scene and, thus, only on the effects of wavelength and polarization. Wind streaks
provide information on the near-surface prevailing winds and on the abundance of wind-
erodible material, such as sand. The potential for a free-flyer radar system that could
provide global radar images in multiple wavelengths, polarizations, and incidence angles
requires definition of system parameters for mission planning. Furthermore, thousands of
wind streaks were mapped from Magellan radar images of Venus (Greeley et al. 1992);
their interpretation requires an understanding of the interaction of radar with wind streaks
and the surrounding terrain. Our experiment was conducted on wind streaks in the
Altiplano of Bolivia to address these issues.
The Altiplano is a continental basin with an average elevation of - 4000 m
lying between the Eastern and Western Cordillera of the Andes. The geomorphology of
the Altiplano (Ahlfeld, 1972) exhibits sand dunes, sand sheets, alluvium, and sediments
deposited in glacial lakes. Aerial photographs of the Altiplano show that the predominant
aeolian features are sand sheets and dunes. These features align with the prevailing
westerly wind direction. For the deployment of AIRSAR, we targeted a series of wind
streaks downwind of the volcano Cerro Quisharo. These streaks were first identified as
radar visible by Greeley et ai. (1989) following the first Shuttle Imaging Radar
experiment (SIR-A; Elachi et al., 1982). These streaks emanate from small hills
eastward, where they merge with the alluvium of the Rio Cosapa. The aeolian sediments
consist primarily of quartz and pumice originating in alluvium and the volcanoes located
west of the site.
2. DATA
The data used for this report were collected on 02 June 1993, as quad-polarized
SAR data in C, L, and P wavelengths (L=5.6, L=24, and _=68 cm respectively) stored as
a compressed Stokes matrix (CM-4130). The resolution of the data is 8.27 m in azimuth
and 6.66 m in range; the flight azimuth was 228 degrees. These data were calibrated by
JPL and decompressed at Arizona State University on a VAX/VMS system to produce
nine multilook ground-detected images (C, L, and P bands and HH, VV, and HV
polarizations), with the scene centered at 18°27'S, 68°30.5'W. Figure 1 shows the L-band
V V data used in this study.
3. ANALYSIS
3.1 Wavelength
Previous studies of radar visible wind streaks were conducted with SIR-A
(Greeley et al. 1989) and Magellan data (Greeley et al. 1992). These were single
wavelength and polarization systems. McCauley et al. (1982) demonstrated that radar
energy can penetrate loose, dry, unvegetated sand mantles to a depth of a few meters
below the surface. The depth of penetration increases as a function of wavelength, as
reviewed by Elachi (1987). Under these circumstances, it was reasonable to anticipate
that the longer wavelengths of AIRSAR would reveal less of the wind streaks than the
shorter bands due to reflection from the substrate. However, in the Bolivian scene the
longer wavelengths tend to reveal more of the wind streak than the shorter wavelength.
We propose three mechanisms that could explain this apparent anomaly: 1) if there is a
relatively thin sand mantle over the area, there would be more contrast between the streak
(with the thicker mantle) and the surrounding terrain in the longer wavelengths (assuming
that even in the long wavelengths, the energy does not penetrate down to to the
substrate). 2) vegetation; the longer wavelengths could penetrate the surface and interact
with root structures more than the shorter wavelengths, as shown by Greeley and
Blumberg (submitted); thus, if there is more vegetation in the surrounding terrain than on
the streaks, there would be a higher contrast between the streaks and the surroundings; 3)
if there is very low vegetation on the east part of the streaks (the area less visible in C-
band), volume scattering will occur only at _, = 5.6 cm within the canopy layer.
Most of the plains are characterized by an abundance of clusters of paja brava
(small bushes) and thola (clump grass) spaced less than 2 m apart, coppice dunes (small
sand mounds located around plants) spaced 5 to 20 m apart, and active windblown sand.
Thus, it is reasonable that C-band would interact more with the vegetation than the L- and
P-bands. Using a radar classification algorithm for detecting biomass (Freeman et al.,
1993) we find that 62% of the surface is classified as low vegetation, with the remainder
being free of vegetation. This supports the possibility that there would be more
interaction with C-band than L- and P-bands. Moreover, coppice dunes do not tend to be
very deep and C-band energy would probably reflect away from the radar antenna (off the
sand) whereas L- and P-bands would penetrate and scatter off the substrate. Depending on
the thickness of the material in the wind streaks, which is unknown at this time, L- and
P- bands would probably not penetrate through the streaks to the substrate. These factors
would contribute to less contrast in the shorter wavelength than in the longer
wavelengths.
3.2 Polarization
The effect of polarization in wind streak visibility was tested using both raw-
calibrated data and enhanced images. Preliminary analysis shows that like-polarized
channels tend to show more of the wind streaks than the cross-polarized data for the
shorter wavelengths. Among these, HH enhances the visibility of the streaks slightly in
comparison to VV. This may be due to the presence of aeolian ripples on the streak that
interact more with the horizontal wave than with the vertical wave (the height of the
ripples is significantly less than the wavelength). However, in P-band the streaks are
visible independent of polarization, suggesting that ripples are smooth to both the vertical
and horizontal energy at this wavelength.
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Figure 1. AIRSAR L-band vertical transmit and receive (V V) image of a series of wind
streaks in the Bolivian Altiplano located downwind of the volcano Cerro Quisharo. Solid
black arrows point to radar-visible wind streaks. Dunes (noted by open arrows) are visible
in the AIRSAR images. The streaks provide information about near-surface winds and
abundance of wind-erodible materials such as sand. The radar illumination is from top to
bottom and flight azimuth is 228 °. Image is centered at 18°27'S, 68°30.5'W. ASU - IPF
Frame 963; CM4130.
3.3 Dunes
Greeley et al. (1989) showed that a single barchan dune could be detected within
the streak in the SIR-A image. However, they noted that without prior knowledge of the
existence of the dune, it probably would not have been found. The dune they observed
was some 200 m across and 200 m long. The added resolution of AIRSAR over the 40
m resolution of SIR-A data, make this and additional dunes clearly visible as seen in
Figure 1 (dunes noted by open arrows).
4. CONCLUSIONS AND FUTURE WORK
1. Preliminary results show that the visibility of wind streaks increases with the
wavelength. However, this may not be the case in the absence of vegetation and this
result needs to be tested.
2. We find that like-polarized channels are preferential for viewing wind streaks.
We plan to test this result and determine if it results from local features such as ripples
and vegetation. This will be done by selecting parts of streaks that are free of vegetation
and by the use of other look angles to reduce the ripple affect.
3. Future work will include an analysis on the effect of incidence angle on the
visibility of the streaks.
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1. INTRODUCTION
An empirical model was developed to infer soil moisture and surface roughness
from radar data. The accuracy of the inversion technique is assessed by comparing soil
moisture obtained with the inversion technique to in situ measurements. The effect of
vegetation on the inversion is studied and a method to eliminate the areas where
vegetation impairs the algorithm is described.
2. EXPERIMENTAL DATA AND MODEL DESCRIPTION
Two sources of experimental data were used in the derivation of the empirical
model. The University of Michigan's LCX POLARSCAT is a truck-mounted network-
analyzer-based scatterometer operating at three frequencies: 1.25, 4.75 and 9.5 GI-Iz. The
POLARSCAT data set (Oh et al., 1992) used in this study includes the co- and cross-
polarized 0ah, w and hv) backscatters for four surfaces. The RASAM radar developed
by the University of Bern, Switzerland is a truck-mounted radiometer-scatterometer with
the scatterometer system operating at six frequencies between 2.5 GI-Izand 11 GHz. A
complete description of the instrument can be found in (Wegmuller, 1993). The RASAM
data set includes measurements of the hh, w, hv and vh-polarized backseattering
coefficients over a variety of surfaces.
Using these two data sets, the hh-polarized and vv-polarized backscattering
coefficients ¢_ and O'*,,,were empirically found to follow these two equations:
= 10-2." cos.q_ 10°'2se_ 0 (kh sin 0) L4_ 0.7
sin 0
= 10-235_ 10°'_e _m0 (kh sin O)I"12 0.7
sin 0
where 0 is the incidence angle, e is the real part of the dielectric constant, h is the
RMS height of the surface, k is the wave number and ,71,is the wavelength in era.
(1)
The general backscatter behavior with roughness and dielecuic constant is
similar to the trend predicted by the small perturbation model and the physical optics
model (Ulaby et al., 1986). The backscatters decrease with increasing incidence angle
and with decreasing roughness. Restricting the validity of the model to kh _ 2. 5 and
0 00 > 30°will insure that the Gb,/G_, ratio is always less than 1. We note that the
roughness of the natural surfaces that the algorithm is applied to rarely exceeds kh = 2.5
(corresponding for L-band to an RMS height of 10 cm).
3. EFFECTS OF VEGETATION AND CALIBRATION
The inversion relies on the co-polarized channels and does not use the cross-
polarized channels. This has several advantages. The fwst advantage is that the co-
polarized channels can be calibrated directly with passive targets like corner reflectors.
5
The cross-polarized channel calibration is usually derived from measurements made on
theco-polarizodchannelsandasaresultislessaccuratethanthecalibrationmade onthe
co-polarizedchannels.The secondadvantageisthenormallyhighersignal-to-noiseratio
intheco-polarizedchannelsthaninthecross-polarizedchannels.Finally,thethird
advantageisthatvegetationisknown tohavearelativelystrongeffecton thecross-
polarizedchannel(LcToan etal.,1992).Itcanthereforeb expectedthataninversion
algorithmrelyingon theco-polarizedchannelswillbe moterobustothepresenceof
vegetationthanonerelyingon boththecross-and theco-polarizedchannels.
Nevertheless,fora significantamountofvegetation,thealgorithmwilloverestimate
surfaceroughnessandunderestimatesoilmoisture.
Activemicrowavesensorshavebeenshown tobegooddiscriminatorsfor
biomass(LeToan etal.,1992).Thiscapabilitycanbeusedtoselecttheareaswithlow
vegetationcoverwheretheinversioncanbeapplied.The L-band O'_hv/O'°_,ratioimage
acquiredoverChickasha,Oklahoma was comparedtoa SPOT-derivedNormalized
DifferenceVegetationIndex(NDVI)image(Tucker,1979)overthesamearea.Overall,
apixel-to-pixelcomparisonbetweenthetwoindicesprovidestheregressioncurve.This
curveshowsthatheL-bandparameterispositivelycorrelatedtotheNDVI. We found
o 0
that masking out the areas for which the L-band O'_v/O'_, ratio is greater than -11 dB,
0 o
results in a reliable soil moisture estimate. The -11 dB O';,,/CY_ ratio corresponds to
NDVI of around 0.4.
The study showed that a desired 4% accuracy in soil moisture estimate requires
a .5 dB accuracy of the relative calibration and a 2 dB accuracy in the absolute
calibration. Both requirements are met by both the AIRSAR L-band and the SIR-C
sensor. It should therefore be possible to derive accurate soil moisture maps for the data
providedoperationallyby thesesensors.
4. SAR DATA INVERSION
The inversion technique was fast applied to Washita'92 AIRSAR data. The
experiment followed a period of heavy rain so that the conditions on June 10, 1992 were
verywetwithstandingwaterand saturatedsoilsfairlycommon. No furtherrainfell
duringthenextninedaysandwe wereabletofollowadryingpattern.The areacovered
in the AIRSAR Workshop Slide 1 is around 8 km by 10 km. It was imaged by the
AIRSAR system on six different days between June 10 and June 18, 1992. An L-band
hh image is displayed at the lower right corner. The AG002 bare field which was
extensively studied is outlined in the image. The other six images were obtained by
inverting the L-band data acquired on the corresponding days. The dielectric constant
maps were translated into soil moisture maps using the Hallikainen empirical curves
(Hallikainen et al., i985). The black areas in the soil moisture maps indicate areas where
the vegetation cover is too thick for the inversion to be reliable. The scatter plot is a
comparison between the in-situ measurements and the estimated values of soil moisture
over the AG002 field. The RMS error of the soil moisture estimate is 1.6 %. The RMS
height maps corresponding to the six data takes are very similar and indicate no trend in
roughness changes. The quantitative results are presented in Table 1.
Washita94 was an aircraft and shuttle experiment that occurred between April 9
and April 18 in which the shuttle took data on April 11 through 17 and the AIRSAR on
April 10 and 11. Two of the sampled fields where data are already available are in the
radar scene and meet the low vegetation criteria described earlier. The results from the
inversion are included in Table 1 for both SIR-C and for AIRSAR.
The soil moisture inversion algorithm was also applied to an AIRSAR data set
acquired over Spain in the summer of 91 during the EFEDA campaign (Bolle et al.,
1992). Three of the sampled fields are in the radar scene and meet the low vegetation
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criteriadescribed earlier. The results from the inversion are included in Table 1. Over all
the areas where SAR data and ground truth measurements are available, the RMS error in
soil moisture is 3.5% (see Table 1 and Figure 1).
5. CONCLUSIONS
We presented an empirical algorithm to infer soil moisture from imaging radar
data over bare surfaces using two co-polarized radar cross-section measurements. The
algorithm was developed with scatterometer data, and tested with several data sets
acquired with the AIRSAR system; we also presented the first soil moisture images
derived from spacebome SIR-C SAR data. A comparison with in situ data shows that the
algorithm infers soil moisture with an accuracy of better than 4 %. Best results are
achieved when the surface roughness is such that kh < 2.5 (10 cm RMS height for L-
band) and the incidence angle is larger than 30 degrees. We also quantified the
calibration requirements of the algorithm and established that current operational
multipolarization SAR systems such as AIRSAR and SIR-C routinely deliver images that
meet or exceed these calibration requirements. We also presented evidence that the ratio
of the cross-polarized return to the like-polarized realm could be used to decide which
areas the algorithm can be applied to and showed that this ratio was positively correlated
with NDVI.
Scene Sensor Date Date Field ID Mv Mv h
Take Msd Est. Msd
[96] [96] (cm)
CHICKASHA AIRSAR 3902 6/10/92 AG002 28.7 29.2 1.19
CHICKASHA AIRSAR 3664 6/12/92 AG002 22.4 21,2 1,19
CHICKASHA AIRSAR 3359 6/13/92 AG002 24.1 23.5 1.19
CHICKASHA AIRSAR 3875 6/14/92 AG002 18.1 19.4 1.19
CHICKASHA AIRSAR 3883 6/16/92 AG002 13.6 17 1.19
CHICKASHA AIRSAR 3360 6/18/92 AG002 11.6 12.1 1.19
CHICKASHA AIRSAR 4040 6/17/92 AGO02 17.5 18.5 1.19
CHICKASHA AIRSAR 4041 6/13/92 AGO02 24.1 27.4 1.19
CHICKASHA AIRSAR Mosaic 6/13/92 RG148 27.6 30.6
CHICKASHA AIRSAR Mosaic 6/13/92 RG131 29.2 34.5
CHICKASHA AIRSAR 4254 4/12/94 Field 12 18.4 24.5
iCHICKASHA AIRSAR 4254 4/12/94 Field 15 24.8 21.8
EFEDA AIRSAR 3146 6/13/90 Field 2 3.4 6.9 1.41
EFEDA AIRSAR 3146 6/13/90 Field 4 30.6 22.8 0.6
EFEDA AIRSAR 3146 6/13/90 Field 5 18.6 18.2 1.79
CHICKASHA SIR-C 10155 4/12/94 Field 12 18.4 20.2
CHICKASHA SIR-C 10155 4/12/94 Field 15 24.8 30.3
CHICKASHA SIR-C 10158 4/15/94 Field 12 9.9 12.5
CHICKASHA SIR-C 10158 4/15/94 Field15 12.5 11.8
h
Est.
(cm)
1.18
1.35
1.09
1.19
1,24
1.45
1.45
1.38
1.58
0.86
1.34
0.9
0.8
1.2
1.24
2
1.5
RMS ERROR 3.3 0.34
Table 1: Comparison between in sire measurements and estimated values. Mv stands for
volumetric soil moisture, h for the RMS height. Est. and Msd indicate the radar derived
values and the ground truth measurements.
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Figure 1: Radar derived soil moisture versus in sire measurements.
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USE OF TOPSAR DIGITAL ELEVATION DATA TO DETERMINE
THE 3-DIMENSIONAL SHAPE OF AN ALLUVIAL FAN
Tom G. Farr
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, CA
Landforms in arid regions record the interplay between tectonic forces
and climate. Alluvial fans are a common landform in desert regions where the
rate of uplift is greater than weathering or sedimentation (Bull, 1991; Bull and
McFadden, 1977). Changes in uplift rate or climatic conditions can lead to
isolation of the currently forming fan surface through entrenchment and
construction of another fan either further from the mountain front (decreased
uplift or increased runoff) or closer to the mountain front (increased uplift or
decreased runoff). Thus, many alluvial fans are made up of a mosaic of fan units
of different age, some older than 1 million years. For this reason, determination
of the stages of fan evolution can lead to a history of uplift and runoff.
In an attempt to separate the effects of tectonic (uplift) and climatic
(weathering, runoff, sedimentation) processes on the shapes of alluvial fan units,
a modified conic equation developed by Troeh (1965) was fitted to TOPSAR
digital topographic data for the Trail Canyon alluvial fan in Death Valley,
California. This allows parameters for the apex position, slope, and radial
curvature to be compared with unit age.
Troeh's (1965) equation is given as:
= _ )2z P+s#(x-x0) 2+(Y Y0)2 +r'{(x-x0)2+(Y-Y0 }
where Z is the height at position X, Y; X0, Y0, and P are the coordinates of the
cone apex; S is the slope at the apex; and L is the radial curvature. Note that the
term containing L adds a radial curvature to the simple right-circular cone
described by the rest of the equation.
Troeh (1965) accomplished his work with topographic contour maps.
With the advent of modern digital computers and digital elevation models, his
approach can now be taken further and used to compare the topographic
attributes of many alluvial fans or individual fan units with their age, drainage
basin size, relief, lithology, uplift rates, etc. Further, the original extent and
volume may be estimated for fan units of which only remnants are exposed. The
topographic signature of individual fan units will help in regional correlation of
fan surfaces of similar age.
A variety of techniques have been used over the years to map the relative
ages of alluvial fan surfaces in arid regions. Since suitable material for numerical
age determination is scarce in these environments, the actual depositional history
of few fans has been determined. Exceptions include the fans on the west side of
Silver Lake (Wells et al., 1987) and on the west side of the Owens Valley
(Gillespie, 1982). In addition, tentative age assignments for major units on the
fans along the west side of Death Valley, mapped by Hunt and Mabey (1966),
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have been made by Dorn (1988). These studies indicate that major pulses of fan
aggradation are related to climatic changes that occur either during or at the
close of major glaciations when rainfall and weathering processes are most
conducive to the formation of debris flows and fluvial activity.
In order to characterize topographically the alluvial fan units mapped by
Hunt and Mabey (1966), sufficient resolution is required to discriminate the
individual units and sufficient coverage is required to provide enough points for
a meaningful fit. Typical units, as mapped by Hunt and Mabey (1966) and by
other students of alluvial fans (e.g. Hooke, 1972) are tens of m wide and cover in
aggregate, at least in the case of the Trail Canyon fan, an area of several square
km. Another requirefnent on the data to be used for 3-dimensional fitting is that
the vertical errors in the data are smaller than the signal on the alluvial fans. On
the Trail Canyon fan, relief differences between fan units are generally less than 5
m, while dissection within units typically ranges between I and 2 m.
There are several sources of digital topographic data that could be used
for measurements of desert piedmont shapes. The most widely available data
that most closely satisfy the above requirements are the U.S. Geological Survey's
7.5' Digital Elevation Models (DEM). The horizontal resolution (pixel size) of
these data is 30 m and the vertical accuracy ranges between 7 and 15 m. These
DEMs, however, are not available for large areas, including Death Valley. For
this study, data from the NASA/JPL TOPSAR was used (Zebker et al., 1992;
Evans et al., 1992). The spatial resolution of the TOPSAR data for Trail Canyon is
20 m. Analysis of TOPSAR data in control areas indicates that statistical errors in
height are in the 1 m range, while systematic effects due to aircraft motion are in
the 1-2 m range. Performance is best in areas of low relief and degrades slightly
in the far range, as the signal to noise ratio decreases.
The results of the conic fits to individual units on the Trail Canyon fan
show that the fan has changed shape over time. The causes of these changes may
be climatic, tectonic, or a combination of the two. The fits show that older units
are flatter at the cone apex and have less radial curvature, that the two younger
units are entrenched into the fan head, and the youngest unit is depositing at the
toe of the fan. These data can be used to make inferences about the processes that
have formed and modified Trail Canyon fan. In particular, the similarity of the
fan-unit shapes is probably a reflection of a consistent tectonic uplift rate since
the deposition of the oldest unit.
In order to make more far-reaching conclusions, additional studies of
other fans in Death Valley and in other desert basins need to be undertaken. Fan
shapes need to be correlated to drainage-basin size, relief, lithology, etc. in order
to separate the effects of climate and tectonic uplift. Comparing basins subjected
to similar uplift rates, but with different basin geometries and lithologies will
help isolate the climatic variable. Whereas, comparing basins with similar
regional climate, and presumably paleoclimate, but with different uplift rates
will help isolate the tectonic variable. In this way, comparative analysis of the
three-dimensional shapes of alluvial fan units may be used in combination with
field observations, aerial-photographic analyses, and remote sensing (Farr and
Gillespie, 1984; Gittespie et al., 1984; Gillespie et al., 1986) for more precise
mapping and regional correlation of alluvial fan units.
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1. INTRODUCTION
During recent years signature analysis, classification, and modeling of Synthetic Aperture Radar (SAR)
data as well as estimation of geophysical parameters from SAR data have received a great deal of interest. An
important requirement for the quantitative use of SAR data is the accurate estimation of the backscattering
coefficient a °. In terrain with relief variations radar signals are distorted due to the projection of the scene
topography into the slant range-Doppler plane. The effect of these variations is to change the physical size of
the scattering area, leading to errors in the radar backscatter values and incidence angle. For this reason the
local incidence angle, derived from sensor position and Digital Elevation Model (DEM) data must always be
considered. Especially in the airborne case, the antenna gain pattern can be an additional source of radiometric
error, because the radar look angle is not known precisely as a result of the the aircraft motions and the
local surface topography. Consequently, radiometric distortions due to the antenna gain pattern must also be
corrected for each resolution cell, by taking into account aircraft displacements (position and attitude) and
position of the backscatter element, defined by the DEM data.
In this paper, a method to derive an accurate estimation of the backscattering coefficient using NASA/JPL
AIRSAR data is presented. The results are evaluated in terms of geometric accuracy, radiometric variations of
cr°, and precision of the estimated forest biomass.
2. METHOD
From the radar equation for distributed targets it is known that the received power is modulated with the
2-way-antenna gain G(O) 2 and with the reciprocal value of 1/sin0i, where 0i is the local incidence angle. For
each pixel these quantities are dependent on the radar look angle 0, the depression angle of the antenna, the
sensor position and attitude, the position of the backscatter element, as well as on the processed pixel spacing
in range and azimuth. Since SAR processing does not include topographic information, these two radiometric
corrections are omitted during the processing step, and therefore they should be considered in a postprocessing
step (van Zyl et al., 1993; Holecz et al., 1994). Figure 1 gives an overview of the required input data, and
summarizes the various steps. The method is discussed in detail in Holecz et al. (1994). Note that geometric
calibration does not include a geocoding of the image. It only considers the relationship between the sensor and
each single backscatter element. This, of course, can be achieved even in the original image geometry without
resampling the SAR data.
I SARdata ) ( groundcontTolpointSimage/map ) ( DEM
j range-Doppler function 4---------
carto_apNc reference system
SAR image geometry
---Ib I estimation of o ° or _' _1_
calibrated SAR data .,] calibrated SAR data
Figure 1: Derivation of the backscattering coefficient
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3. DATA SETS
TheSARdatausedin thisstudywerecollectedby theAIRSARsystemonMay6 of 1991overthe
hilly area(190to 500 meters abovemeansealevel) of the BonanzaCreekExperimentalForest(64.75°N,-148°W),nearFairbanks,Alaska.The16-lookimagecoversanareaofaround100km2.
Oneprerequisiteis theavailabilityof DEM.FortheBCEFtestsiteonly15minuteDEMdataof theUS
GeologicalSurveyareavailable.Thedataweretransformedfromtheoriginalgeographiccoordinatesystem
intotheUniversalTransverseMercatorcoordinatesystem(zone6)andresampledto 12.5metergridsizeusing
abitinearinterpolator.
Furtherrequireddataarepositionandattitudedataof theplatform.TheNASA/ARCDC-8aircraft
is currentlyequippedwith threeoperationalnavigationsystems,namelytheDataAircraftandDistribution
System(DADS),theLaser Reference System (LRS), and the Six Gun Global Positioning System (SG-GPS)
(DC-8 ALEH, 1990). DADS data include yaw, pitch, roll, latitude, longitude, and altitude of the aircraft above
the ground, while LRS measures yaw, pitch, roll, latitude, longitude, three-dimensional velocity vector, and track
angle of the aircraft. The positioning data of the third system are stored in latitude, longitude, and altitude
above sea level. DADS and SG-GPS are updated every second, while LRS updates every 0.02 second. The
absolute positioning accuracy of DADS and SG-GPS is 4-200 meters, while LRS can achieve a better accuracy.
However, since LRS is not locked to other systems, it can drift significantly with time, Two new experimental
systems are the Turbo-Rogue GPS (TR-GPS) and the Honeywell Inertial Navigation Unit (HW-INU) having an
acquisition rate of 1 and 50 Hz, respectively. The positioning accuracy in real time of the TR-GPS corresponds
to the SG-GPS, but in differential mode, it is in the order of 4-10 cm. The data acquired by the HW-INU
system achieve a positioning precision of 4-3 meter and an attitude accuracy of 4-1/1000 degree.
4. RESULTS
Figure 2 shows the P-band total power in slant range geometry and in UTM coordinate system (zone 6),
respectively. As already mentioned radiometric errors due to the topographic effects and the aircraft displace-
ments must be additionally considered. Therefore, the local incidence angle as well as the antenna gain pattern
correction were calculated and shown in Figure 3 (a-d). Since these two corrections are carried out in the original
SAR geometry (slant or ground range projection) and in the cartographic reference system, the backscattering
coefficient can be derived in both reference systems.
What are the consequences of the topographic effects for the forest biomass estimation? It has already
been noticed in Rignot et al. (1994) that DEM should be combined with the SAR data, in order to improve
radar estimates of forest biomass in areas with topography. Here, we analyse these effects. The backscattering
coefficients at P-band for HH, VV, and HV polarization are derived taking into account to the variations of
local incidence angle as well as of the antenna gain pattern using the DEM data. The forest biomass, as shown
in Figure 4, is then estimated with a regression curve _pplicd to cr° of the three linear polarizations.
Figure 2: P-band total power in slant range geometry (left) and in UTM coordinate system (right)
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c d
Figure 3: Local incidence angle in a) slant range geometry and b) in UTM coordinate system; Correction of
antenna gain pattern at P-band HV in c) slant range and d) UTM coordinate system
Figure 4: Estimated forest biomass (metric tons/ha) using P-band data in slant range geometry
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5. DISCUSSION OF THE RESULTS AND CONCLUSIONS
The presented results are discussed and evaluated in the following terms:
• Geometric accuracy: For an accurate estimation of the backscattering coefficient, flight path data
(position and attitude), DEM, sensor and processor characteristics have been considered. This, of course,
includes all the cartographic and geodetic transforms, as well as a range-Doppler approach (Meier et al.,
1993). For the AIRSAR system the positioning data collected by the three operational navigation systems
during this flight showed high inaccuracies. Only DADS data could be used, with an absolute positioning
inaccuracy of about 1000 meters. However, using ground control points we achieved an average geometric
accuracy of the geocoded image of 5:30 meters (grid size of the DEM is 12.5 meters). These deviations
are due to inaccuracies a) of the operational navigation system (relative inaccuracies), b) of the ground
control points extracted from a 1:63,360 scale map, c) of the low resolution of the DEM data, and d)
motion errors of the aircraft not considered during the SAR processing. It must be pointed out that some
AIRSAR data acquired after 1993 have already been processed taking into account motion errors of
the aircraft. Furthermore the accuracy of positioning and attitude data is being improved by using
the two new experimental systems mentioned in section 3. Consequently, a geometric accuracy in
the order of+l pixel is expected.
• Radiometric variations of ao: Even in a moderately hilly area as the BCEF test site, topographic
effects on the radiometric calibration cannot be neglected. In fact, radiometric errors exceeding 3 dB in
magnitude have been observed. The major contributions are due to the effects on the local incidence angle
(up to 1.9 dB), but also local surface changes and variations of the roll angle on the antenna gain pattern
correction caused radiometric errors up to 1.3 dB at P-band (HV 1.30, HI/ 1.25, VV 1.34). However, as
already reported in Holecz et al. (1993), the quality of the DEM data strongly influences the radiometric
calibration and therefore the accuracy of the backscattering coefficient. It has also to be noted that the
topography in the SAR image is located in the far range part (see Figure 3a). Consequently, radiometric
errors due to relief effects are relatively small, mainly because of the large radar look angle.
• Accuracy of the estimated forest biomass: In the biomass map shown in Figure 4 we estimated the
radar-predicted values to be within 20% of actual values obtained using forest inventory and allometric
equations (Rignot et al., 1994). However, this accuracy is only applicable to forest stands in the floodplains
and in the south-, radar-facing, slopes in the upland forests. These stands are all imaged at an incidence
angle of about 45 degrees. In the north-facing slopes, away from the radar, the radar underestimates
the biomass because the incidence angle is several tens of degrees away from 45 degrees, and radar
backscatter is not correctly calibrated. These errors are reduced after calibration of the SAR data using
the DEM. The forest biomass of the north-facing slopes is higher and in better agreement with ground
estimates. We have also estimated the dependence of radar backscatter with the incidence angle using
multiple incidence angle topography-corrected data, and we have retrieved forest biomass as a function
of incidence angle. Surface truth indicates that the results are now comparable in precision to those
obtained in the floodplains.
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INTRODUCTION
The relationship between habitat area, spatial dynamics of the landscape, and species diversity is an
important theme in population and conservation biology. Of particular interest is how populations of
various species are affected by increasing habitat edges due to fragmentation. Over the last decade,
assumptions regarding the effects of habitat edges on biodiversity have fluctuated wildly, from the belief
that they have a positive effect to the belief that they have a clearly negative effect. This change in
viewpoint has been brought about by an increasing recognition of the importance of geographic scale and a
reinterpretation of natural history observations. In this preliminary report from an ongoing project, we
explore the use of remote sensing technology and geographic information systems to further our
understanding of how species diversity and population density are affected by habitat heterogeneity and
landscape composition. A primary feature of this study is the investigation of SAR for making more
rigorous investigations of habitat structure by exploiting the interaction between radar backscatter and
vegetation structure and biomass (Dobson et al. 1992). A major emphasis will be on the use of SAR data
to define relative structural types based on measures of structural consolidation using the vegetation surface
area to volume ratio (SAN). Past research has shown that SAR may be sensitive to this form of structural
expression (Imhoff 1994) which may affect biodiversity.
SITE DESCRIPTION AND METHODS
In September, 1993, P-, L-, and C-band SAR data were collected over a section of the South Alligator
River in Kakadu National Park in the Australian Northern Territory (NT) as part of the Joint
NASA/Australia AIRSAR Deployment. The SAR data were supplemented by Landsat TM imagery
captured several days later. The area is tropical and is characterized by estuarine flood plains and freshwater
billabongs with paleosol (laterite) uplands and scattered sandstone ridges and outcrops. Elevation
differences between the flood plains and the uplands are on the order of only a few meters. There are 16
monsoon rain forest floristic groups, in patches on the uplands and low lying soils containing
approximately 33 species of overstory trees of Austral-asian origin. The area has a hot-wet hot-dry climate
and 85-95% of the 1400 mm in mean annual precipitation occurs between December and March. In
August-September, 1994, field data consisting of vegetation structure and other habitat spatial information
and census data on the distribution and density of all bird species within the test site were collected along
transects orthogonal to a series of habitat edge gradients in the test area. The research described in this
report focuses on a set of two primary habitat edges based on vegetation differences. The edges run roughly
east-west in orientation spanning approximately 5 deg in SAR range (52 - 57 deg incidence angle). The
gradient changes in a north-south direction which is the azimuth direction of the radar. The area was
selected because, while the edges are distinct, one edge is predominantly structural in nature while the
other is floristic in nature. The structural edge will be identified henceforth as edge A and the floristic one
as edge B.
Birds'Ten north-south trending transects were established at random locations onhogonal to the edge
lines, with a minimum separation of 100m and a maximum separation of 200m. Along each transect,
census points were placed systematically at intervals of 100m. The southernmost census point was
established 200m south of the edge between a wet Melalezlca forest and a dry Melaleuca woodland (edge
A). Each of the ten transects spanned edge A and a second edge (edge B) between the dry Melaleuca
woodland and open mixed Eucalypt woodland. Each transect was censused twice (between 1/2 hr and 3 his
after sunrise) over ten consecutive days, once beginning at the northern end of the transect, and once
beginning at the southern end. Transects were selected arbitrarily each morning, and specific pairings of
transects were not repeated. At each census point, 5 minute stationary census were conducted. All birds
17
seenor heard were recorded, along with an estimate of their distance from the census point, up to a
maximum of 50m. Birds detected at distances greater than 50m were not recorded (Reynolds et al. 1980).
For each species, abundance, represented by the number of detections per point count, was plotted against
the position of the point along the habitat gradient. Frequency of detection was tested against a uniform
distribution (G-test) to identify significant changes in abundance at the two edges. In all cases, a
probability of p<.05 that the observed changes in abundance were due to chance alone was deemed
sufficient to reject the null hypothesis that the detections were distributed randomly along the gradient.
_" Vegetation data were collected along seven of the bird survey lines using the point-center-
quarter (PCQ) method. Point data were taken at 33 m intervals and included: species identification, stem
diameter (dbh), height, height to live crown, crown dimensions in x and y, and stem density. In all, more
than 200 points on the ground were surveyed compiling measurements for over 1000 individual trees.
Measurements for crown components such as branch length, number of branches, and leaf area are being
made using photographic methods including hemispherical canopy photography. The PCQ data were
divided into nine 100 meter wide geographic zones parallel to edges A and B for statistical analysis. Each
zone contains a minimum of 21 PCQ points from which statistics were generated. Results are given for
floristic composition and vegetation structure including: mean stem density, dbh, height, biomass, and
vegetation surface area to volume ratio SAN.
SAR Analysis: The SAR analysis is in the correlative phase. The Macsigma0 program written by JPL was
used to derive backscatter statistics for the 9 vegetation edge zones. Radar backscatter is reported as 6 ° in
dB (m2/m 2) and is compared to the vegetation (bole) surface area to bole volume ratio (SAN) and bole
biomass.
RESULTS AND DISCUSSION
SAP, and Vegetation Structure: The SAR data used in this study successfully identified a series of edaphic
driven structural changes across a floristically homogeneous stand of vegetation. Such a change was evident
at edge A where a Melaleuca cajuputi woodland changed in structure from a tall, closed canopy (zones 1-3)
to a more densely stocked formation of smaller individuals (zones 4-6). All of the structural parameters
except stem density changed significantly across edge A (p<.01, T-test). The SAR data also detected
another structural/floristic edge at zone 5 where the M. cajuputi changes to a more dense smaller statured
stand containing a mixture ofM. cajuputi and M. viridiflora. The bole SAN changed dramatically in zone
5. All three SAR bands were capable of clearly identifying these changes, yet these changes were not as
readily discernible on the Landsat TM image. Because the stands in zones 1-6 are nearly monospecific,
substantial changes in the canopy opening were required before the ground contribution could alter the
otherwise identical TM spectral reflectance from the canopy. Edge B represents the opposite situation from
edge A. At edge B there is an abrupt and complete floristic change but the structural differences are more
subtle. Only crown volume was significantly different (p< .01, T-test). In the case of edge B, bole
biomass does change significantly but this is due to the higher bulk density of Eucalypts and not to a bole
volume difference. The best correlations were achieved between the C-HV, L-VV, P-W and C-VV, L-VV,
P-VV backscatter and bole biomass and SA/V respectively (Figure 1).
Birds alad Vegetatign Structure: During the census, 1449 positive identifications were made representing
58 species. Here we represent data for three avian species that illustrate the range of responses observed
across the habitat gradient. The lemon-bellied flycatcher (Microecaflavigaster) responded primarily to
floristics (Figure 2a). It was associated with habitats dominated by both Melaleuca species, and abundance
did not change significantly at the structural edge (edge A). At edge B where vegetation structure did not
change dramatically, but where Melaleuca.dominated woodland was replaced by mixed Eucalypt woodland,
the species declined significantly. The brown honeyeater (Lichmera indistincta) followed a different
pattern. It occurred abundantly throughout the study site (Figure 2b) and its density did not change
markedly in the different vegetation communities. Its significant increase at edge B and a smaller increase
at zone 5, indicates that this species may be responding to some structural aspects of its habitat. Some
significant structural shifts did occur at zone 5 (SA/V) and edge B (crown volume). The yellow oriole
(Oriolusflavocintus) seems to be strongly associated with wet Melaleuca forests (Figure 2c). Within this
habitat it occurred with greater frequency at the edge. This species appears to be responding strongly to
both floristic and structural elements, generating a more complex edge-associated response.
i8
SAR RESPONSE TO VEGETATION STRUCTURE
0
m
'1o
v
-4 --
¢=.
,m
.9
==:::(:_ -8 -
o
.E -1 2
t,-
_ -16
en
-20
---C)--- Bole SA/V
- 13- - Bole Dry BM (Kg/m 2)
i i i i ; i
Edge A
• cajuputi
A - - -_ - - -k
• -0 0
---i -C-VV
--&-- L-VV
- - • - P-VV
i 0 i
E3
Mixed Eucalypt
Woodland
• " A. ".'--9"'
\
[2,
\
IEF -ET
I I I
4 5 6
vegetation Zones
,,&-- - &---_
. "0 o -
.ill °
.El..
"0- --E3
I i i I I !
1 2 3 7 8 9
0 South _,"_ v"- North 1 0
60
- 50
0_
o
- 40 E (u
•30 _-E2
20 .--_H
I0
0
Figure 1. SAR response to vegetation structure and biomass along the habitat gradient. As biomass
decreases across the gradient SAN increases and SAR backscatter decreases. All changes in structural
parameters except stem density were significant across edge A, as was SA/V at zone 5 (p<.01, T-test). Few
structural changes were statistically significant across edge B. Bole volume differences across edge B are
not significant, but biomass changes are more evident due to bulk density differences between the
Melaleuca and the Eucalypts.
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Figu re 2a. Abundance response to vegetation for the lemon-bellied flycatcher (Microecaflavigaster) which
responded primarily to floristics. Change is significant (* = p< .05) at edge B but not at edge A (n.s.).
Histogram blocks correspond to vegetion zones 1-9 as shown in Figure 1.
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Figures 2b and 2c. Top: Abundance response to vegetation for the brown honeyeater (Lichmera
indistincta). Abundances for this species did not change markedly in the different vegetation communities.
Change is significant at edge B (* = p__ .05) but not edge A (n.s.). Bottom : Abundance response for the
yellow oriole (Oriolusflavocintus) is strongly associated with wet Melaleuca forests. Change is significant
(* = pS .05) for edge A but not edge B (n.s.). Histogram blocks correspond to vegetion zones 1-9 as
shown in Figure 1.
CONCLUSION
Results from this study indicate that bird species are individualistic in their responses to habitat
heterogeneity and that edges are potentially powerful factors in determining the abundance of bird species
in a heterogeneous landscape. Through the integration of SAR and TM data with field data we were able to
isolate trends in floristic and structural components of bird habitats. We found that different bird species
responded differently to these structural factors and that SAR data are capable of identifying some of those
structural factors. The combination of SAR, multispectral, and species-level ecological data may provide
the foundation for a new generation of modeling tools designed to make predictions of relative species
abundances in heterogeneous landscapes based on spatial patterns in the distribution of habitat types.
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1. INTRODUCTION
During the 1990 Gulf Stream Experiment, NASA/JPL AIRSAR imaged the north edge
of the Gulf Stream near the coast of Virginia (see Fig.I). Simultaneous in-situ measurements of
currents, temperatures, salinities, etc. were made for several crossings of the north edge by the R/V
Cape Henlopen (Marmorino et al., 1994).
Measurements identified two fronts with shearing and converging flows. The polarimetric
SAR images from the fronts showed two bright linear features. One of them corresponds to the
temperature front, which separated the warm Gulf Stream water to the south from a cool, fresh-
water filament to the north. The other line, located about 8 km north of the temperature front, is
believed to correspond to the velocity front between the filament and the slope water. At these
fronts, wave-current interactions produced narrow bands of steep and breaking waves manifesting
higher radar returns in polarimetric SAR images. A schematic diagram summarizing the
observations is shown in Fig. 2.
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Fig. 1 The 1990 Gulf Stream Experiment site
is shown as a black dot. Ocean surface
temperature (in degree Celsius) reveals that
Gulf Stream and slope water temperatures
differ by two degrees.
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Fig. 2. Schematic diagram of the
observations. (a) Plan view shows the
temperature front on the left and the velocity
front on the right. Co) Vertical section view
indicates relative cross-front current motion
and surface convergence.
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In general, our AIRSAR imagery shows that the signal-to-clutter ratio of radar cross
sections for the temperature front is higher than that of the velocity front. In this paper, we study
the polarization and wavelength diversities of radar response of these two fronts using the P-, L-
and C-Band Polarimetric SAR data. The north-south flight path of the AIRSAR crossed the
temperature front several times and provided valuable data for analysis. Three individual passes
are investigated. We found that for the temperature front, the cross-pol (HV) responses are much
higher than co-pol responses (VV and HH), and that P-Band HV has the highest signal to clutter
ratio. For the velocity front, the ratio is the strongest in P-Band VV, and it is indistinguishable
for all polarizations in C-Band.
The radar cross sections for all three polarization (HH, HV and W) and for all three
bands are modelled using an ocean wave model (Jansen et al., 1993) and a composite Bragg
scattering model. In our initial investigations, the theoretical model agrees qualitatively with the
AIRSAR observations.
2. AIRSAR OBSERVATIONS
SAR images from several AIRSAR passes across the north boundary of the Gulf Stream
have been analyzed. Due to the page limitation, images from one pass only are shown in Fig. 3.
The altitude of the JPL/DC-8 was 5.5 km, and it was traveling from north to south. The resolution
is 12.1 m in azimuth and 6.7 m in slant range. Each image is 12.4 km in north-south extent and
near 9 km in slant range. The near range is on the left, and the range of incidence angles across
the images is 25 to 60 degrees. Images are oriented with north toward the top. The R/V Cape
Henlopen was traveling north, and is shown with its wake in the upper left part of each image.
The P-Band HV image (Fig. 3A) clearly shows the temperature front as a bright line
located at the lower part of the image, and the velocity front is shown at 8 km toward north with
a wide dark strip before it. The response of the temperature front is much weaker for P-Band W
as shown in Fig. 3B, but the velocity front is more distinct. The C-Band images (Fig. 3C and 3D)
exhibit distinctive wavelength diversity in radar response. The velocity front is almost invisible,
and the signal to clutter ratios of the temperature front are detectable but weaker than that of P-
Band. The V shaped dark region in Fig. 3D was due to the wave damping attenuation by rain.
Wave damping is most pronounced for waves shorter than 25 cm (L-Band) (Tsimplis, 1992).
However, this effect is almost absent in the cross-polarization image (C-Band HV, Fig. 3C).
Several other north-east SAR passes have also been analyzed. Similar SAR responses in
polarization and wavelength were observed. In general, the temperature front is more visible than
the velocity front. For the temperature front, the HV polarization has much higher signatures than
co-polarizations, and P-band HV has the highest signal to clutter ratio, followed by L-Band and
C-Band. From in situ measurements and observations by video camera, surface current
convergence was evident by the narrow width of the temperature front, an adjacent band of
breaking waves, and the accumulation of Sargassum. The presence of strong signature in HV
polarization indicates significant wave-current interaction from large surface tilts and possibly
breaking waves, which causes higher order scattering. It is interesting to note that P-Band VV
polarization has a very weak signature for the temperature front. For the velocity front, the P-Band
is much weaker, and has the strongest signature among the three bands. The velocity front is
invisible in the C-band images. In all three bands, the VV polarization has the strongest signature
followed by HV and HH.
3. VERIFICATION WITH OCEAN WAVE MODEL
Theoretical predictions were made for the temperature front where in-situ data was
available. The modelling for the velocity front will not be addressed here for lack of
measurements. The temperature front is predominantly a current convergence which was modelled
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(A)P-BandHV (B)P-Band VV
(C) C-Band HV (D) C-Band VV
Fig. 3 P-Band and C-Band Polarimetric SAR imagery of Gulf Stream fronts. North is
toward the top. The AIRSAR was flying from north to south. The R/V Cape Henlopen
was traveling northbound, and is shown with its wake in the upper left part of each image.
(A) The P-Band HV image clearly shows the temperature front in the lower part of the
image, and it also shows a dark wide strip before the velocity front, which is located 8
km to the north of the temperature front. (B) The P-Band VV image, however, has much
a smaller radar response at the temperature front, but the velocity is more distinct. (C)
The C-Band HV image shows the temperature front less well-defined than the P-Band.
(D) The C-Band VV shows the damping attenuation by rain and other effects on the
response of the temperature front. The cross sections of the velocity front in both C-Band
images are very weak, making the fronts nearly indistinguishable.
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astheone-dimensionalfunction,
V(y) =-_tanh (8y-_2 )
The depth and current widths were taken to be 5y-_100m and 5V-25cm/s, consistent with shipboard
estimates. This current was used as an input into the action density equation with a Plant-Hughes
type source to derive the ocean wave spectrum near the temperature front (see Jansen et al, 1993).
The radar image modulation is then predicted using the wave field slope statistics in a composite
scattering radar model. We do not consider the effects of velocity bunching or speckle, which
would be present in a more complete SAR model.
Fig. 4A shows the P-Band HH, t-IV and VV radar modulation around the temperature front
at 45 degree incidence angle, using the ocean wave model but excluding any contribution from
breaking waves. The HV polarization has a much higher radar modulation than both the HH and
the VV. This agrees with our observations on polarization diversity for the temperature front. Fig.
4B shows the cross-section dependence on wavelength. For the cross-polarization (HV), P-Band
has the highest value with peak near 2.0 dB, and L-Band and C-Band are 1.6 and 1.I, respectively.
This theoretical result also verifies our observed trend in wavelength diversity,
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Fig. 4 Theoretical modeling of radar modulations of the temperature front at 45
degree incidence. This model does not include the breaking waves. The horizontal
axis indicates the distance in km from the temperature front. (A) The P-Band HV
cross-section values are much higher than the comparable of HH and VV. (B) Peak-
values for HV polarization for P-, L- and C-Band, respectively are 2.0, 1.6 and 1.1.
These results qualitatively confirms the AIRSAR measurements.
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Bayes Classification of Interferometric TOPSAR Data
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We reportthe Bayes classificationofterraintypes atdifferentsitesusingairborneinterferometric
syntheticapertureradar (INSAR) data. A Gaussian maximum likelihoodclassifierwas appliedon
multidimensionalobservationsderivedfrom the SAR intensity,the terrainelevationmodel, and the
magnitude ofthe interferometricorrelation.Trainingsetsforforested,urban,agricultural,orbare
areaswere obtained eitherby selectingsarnpleswith known ground truth,orby k-means clustering
ofrandom setsofsamples uniformlydistributedacrossallsites,and subsequent assignmentsofthese
clustersusing ground truth.The accuracyof the classifierwas used to optimizethe discriminating
efficiencyof the set of featuresthat was chosen. The most important featuresinclude the SAR
intensity,a canopy penetrationdepth model, and the terrainslope.
We demonstrate the classifier'sperformance acrosssitesusinga unique setoftrainingclassesfor
the fourmain terraincategories.The scenesexamined includeSan Francisco(predominantlyurban
and water),Mount Adams (WA) (forestedwith clearcuts),Pasadena (urban with mountains), and
Antioch Hills(CA) (water,swamps, fields).Issuesrelatedto the effectsof image calibrationand
the robustness of the classificationto calibrationerrorsare explored. The relativeperformance
ofsinglepolarizationInterferometricdata classificationiscontrastedagainstclassificationschemes
based on polarimetricSAR data.
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I Introduction
Conventional representations of polarization response are referred to a horizon-
tally and vertically polarized basis. Recent studies by Freeman and Durden [1],
van Zyl [2], and others suggest that alternative polarimetric features which more
easily resolve the contributions of simple scattering mechanisms such as odd-bounce,
even-bounce, and diffuse scattering could offer several advantages in terrain classi-
fication. The circular polarization covariance matrix is a potential source of such
features. In this paper, we derive its relationship to the Stokes matrix, describe
some of its properties, and compare the utility of linear and circular polarimetric
features in classifying an AIRSAR scene containing urban, park, and ocean terrain.
2 Properties of the Circular Polarization Covariance Matrix
In the monostatic case, the circular polarization covariance matrix [C] is given in
terms of the elements of the circular polarization scattering matrix, Su, Sir, Sel ,
and Srr, by the reduced form
(&iSle) (StlS;,) (SuS;,) ][C1= (S,,S;,) (S,,S;,) (S,,S;,) ,(S,,S;,) (S,,S;,) (S,,_,)
(1)
where, by definition, Sir = Srl. In this format, the polarization responses of odd-
bounce, even-bounce, and diffuse scatterers are given by
[000] [ 01] [100][Co]= 0 1 0 , [Co]- 0 0 0 , [Ca]- 0 1 0 , (2)0 0 0 1 0 1 0 0 1
respectively.It can be shown that the representationofthe targetresponse after
rotation of the target by an angle a is given by
StlS;L SuS;,e-i2° sees:,e-i_° ][C'] &,S;e_i2° S_,S;, ¢. _, .-iso= _,, ,,. (3)S,,SMi 4o S,,S;,ei2° S,,S',
The diagonal elements and the magnitude of the off-diagonal elements are both
invariant under rotation of either the target or the radar antenna about the line-of-
sight.
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In order to derive an expression for the elements of the circular polarization
covariance matrix in terms of the elements of the Stokes matrix, it is necessary to
express the Stokes vector J with respect to a circularly polarized basis. Thus,
J
_+_
_+_G
j(_-_)
_G-_
IE_l2+ lEvi2
2_(El E;)
29(El E; )
JEll2- lEvi2
2alar cos 6c
2alar sin 6c
(4)
where El = ale j6_ and Er = areJ6, are the complex amplitudes of the left and right
circularly polarized components of the electric field, respectively, and 6, = 5r - 6t
is the circular polarimetric phase difference. A derivation similar to that employed
by van Zyl and Ulaby [3] for the linearly polarized case yields expressions for the
elements of the circular polarization covariance matrix in terms of the elements of
the Stokes matrix:
SllS_ -- all+2a14+a44 ,
SrrS_r - all--2a14+a44,
&rS;, = an-a44,
SllS;r = (a22- ass)- j2a23 ,
&_S;_ = (a12- a24)- j(al_ - a34) ,
S,lS;_ = (a_2+ a2,) - j(a_ + a_4).
(5)
For scattering by azimuthally isotropic terrain, symmetry dictates that the en-
semble average of the cross-products of the co-polarized (HH and VV) and the
cross-polarized (HV) elements of the linear polarization scattering matrix will be
zero, as noted by Borgeaud et al. [4] and van Zyl [5]. In this case, the corresponding
linear polarization covariance matrix has dimensionality of five. It can be shown
that the equivalent circular polarization covariance matrix is given by
[C]= Si, S;l S,,S;, Si, S;l = C + jD B C + jD
SltS;l SaS;r SLIS;I A C-jD A
where
, (6)
A "- all "+" a44 I
B ----- all -- a44 ,
C ----- a12 ,
D = a34 .
The quantitites A, B, and ]C+jD I are rotation-invariant. The cross-product SaS_r ,
which is generally a complex quantity, is real in this case. Note that the circular
polarization covariance matrix representation of an azimuthally isotropic scatterer
has a dimensionality of four.
$ Experimental Results
A comparison of the utility of linear and circular polarimetric features in classifying
ground cover and terrain was performed using the May 15, 1985 L-band AIRSAR
image of San Francisco. The near range portion of the image in which the look angle
was less than 30 degrees was excluded. Training areas for urban, park, and ocean
classes were defined as shown in Figure l(a). A minimum distance decision rule
was used to classify each pixel in the image. The averaging box size for computing
the Stokes matrix was 2 x 2. In the linearly polarized case, the features used were
the total power, (ShhS_h), (S_S_), (ShaSta), _(ShhS_) and _(ShhS%). In the
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circularly polarized case, the features used in classification were the total power,
(s_sh), and (S_,S;,).
The results of classification are presented in Figure 1 and are summarized in
Tables 1 and 2. Although both classifiers were able to distinguish ocean from urban
and park with ease, the choice between urban and park was slightly less certain.
The linear polarimetric classifier tended to classify more pixels as urban than the
circular polarimetric classifier, particularly in the area to the north-west of the
Golden Gate Bridge and the western shoreline of the city. Confusion matrices for
self-classification of training areas are presented in Table 2. They suggest that the
circular polarimetric classifier was more consistent in classifying urban areas than
the linear polarimetric classifier and may therefore have provided slightly better
classification accuracy.
Table 1: Confusion Matrix for Classification of an AIRSAR Image of San Francisco
Circular
Polarimetric
Classifier
Class
UDcIas.
Urban
Park
Ocean
Linear Polarimetric Classifier
Unclas. Urban Park Ocean
4.3% 0.6% 0.2% 0.0%
0.3% 22.9% 6.0% 0.0%
O.i% 3.5% 24.2% 0.7%
0.4% 0.0% 2.2% 34.6%
Table 2: Confusion Matrices for Self-Classification of Training Areas
Linear Polarimetric Classifier
Training Area
Class
Vnclas.
Urban
Park
Ocean
Urban Park Ocean
6.6% 0.1% 0.0%
63.8% 9.8% 0.0%
29.4% 89.4% 0.0%
0.3% 0.8% 100.0%
Circular Polarimetric Classifier
Class
Unclas.
Urban
Park
Ocean
Training Area
Urban Park Ocean
6.7% 0.7% 0.0%
70.5% 9.9% 0.0%
22.2% 87.6% 0.0%
0.7% 1.8% 100.0%
4 Conclusions
We have defined the circular polarization covariance matrix, derived its relationship
to the Stokes matrix, and described some of its properties. These properties include
the invariance of the magnitude of its elements with respect to rotation of the sensor
or the scatterer about the radar line-of-sight and the form of the response of an
azimuthally isotropic scatterer. The results of classifying urban, park, and ocean
terrain in an AIRSAR scene of San Francisco using linear and circular polarimetric
features have been presented and compared. The next step will be to compare
the utility of features derived from the linear and circular polarization covariance
matrices in classifying representative scenes of sea ice, boreal forest, and agricultural
fields.
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Figure h Minimum distance classification of an L-band AIRSAR image of San
Francisco using (top) linearly polarized and (bottom) circularly polarized features.
Training areas are indicated. Classification legend: urban - white; park - light gray;
ocean - black; unclassified - dark gray.
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1. INTRODUCTION
The replacement of semidesert grassland by woody shrubland is a widespread form of desertification.
This change in physiognomy and species composition tends to sharply reduce the productivity of the land for
grazing by domestic livestock, increase soil erosion and reduce soil fertility, and greatly alter many other
aspects of ecosystem structure and functioning (Schlesinger et al., 1990).
Remote sensing methods are needed to assess and monitor shrubland encroachment. Detection of
woody shrubs at low density would provide a particularly useful baseline on which to access changes, because
an initially low shrub density often tends to increase even after cessation of the disturbance (e.g., overgrazing,
drought, or fire suppression) responsible for triggering the initial stages of the invasion (Grover and Musick,
1990). Limited success has been achieved using optical remote sensing. In contrast to other forms of
desertification, biomass does not consistently decrease with a shift from grassland to shrubland. Estimation of
green vegetation amount (e.g., by NDVI) is thus of limited utility, unless the shrubs and herbaceous plants
differ consistently in phenology and the area can be viewed during a season when only one of these is green
(Musick, 1984).
The objective of this study was to determine if the potential sensitivity of active microwave remote
sensing to vegetation structure could be used to assess the degree of shrub invasion of grassland. Polarimetric
Airborne Synthetic Aperture Radar (AIRSAR) data were acquired for a semiarid site containing varied mixtures
of shrubs and herbaceous vegetation and compared with ground observations of vegetation type and other land-
surface characteristics. In this preliminary report we examine the response of radar backscatter intensity to
shrub density. The response of other multipolarizationparameters will be examined in future work.
2. METHODS
2.1 Study Site
The study site is located in the southern lomada del Muerto plain in south-central New Mexico. The
area includes the study site of the Jornada Long-Term Ecological Research (LTER) Project. Also included in
the area are private and BLM-managed grazing land and two long-established range management research
facilities (USDA/ARS Jornada Experimental Range and New Mexico State University College Ranch). The
U.S. Geological Survey maintains an instrumented test site for studies of climatic conditions and wind erosion
on the Experiment Range.
The terrain covered by the data sets has low relief. A wide variety of soils are represented, with
surface soil texture ranging from sandy and loamy on uplands to silty and clayey in swales and depressions.
Gravelly soils are also common on alluvial fans at the eastern margin of the plain, but were not sampled in this
study.
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Grassland occupied >90% of the area in the mid-19th century, but shrubland encroachment has now
reduced grassland area to less than 25% (Buffmgton and Herbel, 1965). Some adjacent pastures differing in
grazing history exhibit sharply defined boundaries between shrubland and herbaceous vegetation, and distinct
shrub-free patches surrounded by shrubland have been created by herbicide treatment and mechanical removal of
shrubs. Mesquite (Prosopis juliflora) is the most abundant woody shrub; others include Acacia spp., tarbush
(Flourensia cernua), and creosotebush (Larrea tridentata). Another common invader of grasslands is broom
snakeweed (Gutierrezia sarothrae), a perennial subshrub. This species is woody only at the base of the stems
(Pieper and McDaniel, 1989) and is thus not considered a woody shrub.
Multifrequency, fully polarimetric, SAR data were acquired at X-band (3-cm wavelength), L-band (24
cm), and P-band (68 cm) on August 1, 1990, by NASA's Airborne Synthetic Aperture Radar (AIRSAR)
platform (DC-$) during the summer growing season. Rainfall during the previous month was greater than
normal, and both herbaceous plants and shrubs were in leaf and green. During the week before the overflight,
most rain gauges on the Jornada Experimental Range recorded from 6 mm to more than 12 mm of rain, and
rain fell over much of the area on the day of the overflight (R. P. Gibbens, pets. comm.). Soil moisture
content can thus be assumed to have been relatively high, although spatially variable.
Two of the three parallel flightlines barely overlapped and covered an area approximately 30 km along-
track by 22 km across-track. The area covered by the third flightline was centered over the other two lines.
Sites covered by the third flightline could thus be viewed at contrasting incidence angles.
2.2 Ground Truth
Field observations were made August 17-27, 1993. Changes in shrub density since the 1990 overflight
were assumed to be slight. This assumption is based on 15 years of field experience in the area by the senior
author, including repeated quantitative measurement of vegetation. In addition, several sites previously sampled
and photographed in 1981-82 (Warren and Hutchinson, 1984) were revisited in 1993 and found to have changed
little in shrub density.
Fifty-nine sites were visited in the field and delineated as polygons on black-and-white prints of the
imagery. Sites were selected to be relatively homogeneous in vegetation and radar signature. Sites were
photographed and visual estimates of vegetation composition and soil properties were recorded.
The sites were classified primarily according to percentage of ground area covered by woody shrub
canopies (Table 1).
Table 1. Woody Shrub Cover Classes
Class Woody Shrub Cover %
1 <1
2 1-5
3 5-25
4 >25
The density and composition of herbaceous vegetation varied widely at the lower shrub densities. Class
1 included sites ranging from bare ground to the densest grassland sites, which were in swales that receive extra
moisture from runoff. The major woody shrub species on most sites was mesquite, but some sites were
dominated by other shrub species.
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An additional class (Class Y) was defined after preliminary analyses indicated that sites with a
relatively high density of soaptree yucca (Yucca elata) had a distinctive radar signature. Stems of this species
are unbranched to sparsely branched, 10-15 cm in diameter, 0.5-3.0 m tall, fibrous and high in water content.
A conical to nearly spherical spray of narrow, fibrous leaves is borne at the apex of each stem. Understory
vegetation of sites in Class Y varied widely, from grassland to dense shrubs.
2.3 AIRSAR Data Calibration and Processing
The multifrequency and fully polarimetric SAR data used in this study were processed at JPL using
SAR processor version 2.40, Four 6-foot high aluminum comer reflectors provided by YPL were deployed with
an inclination angle of 10 degrees on a smooth (radar dark) playa surface within the Jomada site. These
reflectors were imaged during two of the three flightlines. The reflector responses were analyzed using
MacSigma0 calibration software provided by the Jet Propulsion Laboratory (Norikane and Freeman, !993).
Calibration correction factors for radar backscatter and phase angles for all three SAR frequencies were
computed using the comer reflector analysis software available as part of MacSigma0.
Radar backscatter intensity values for each of the fifty-nine visited sites mentioned above were
computed for each SAR frequency and polarization after applying the correction factors derived using the comer
reflectors. Some of the field sites were imaged during more than one of the three AIRSAR passes.
3. RESULTS .AND DISCUSSION
We first sought a means of eliminating or minimizing the influence of incidence angle on backscattering
power intensity. A preliminary examination indicated that variation in a ° (backscattering coefficient) with
incidence angle for a given site or for sites of a given class was negligible for cross-polarized backscatter at
incidence angles > 48*. Backscattering coefficients for cross-polarized C, L and P band were examined for the
46 sites meeting this incidence angle criterion,
L-HV (horizontal transmit, vertical receive polarization) data provided the greatest separability of shrub
density classes (Fig. 1). Backscattering coefficients increased with shrub cover, and appeared to be especially
sensitive at low levels of shrub cover (e.g., in discriminating between Classes 1 and 2). P-HV backscatter also
increased with shrub cover, but with more overlap between classes. Overlap was even greater in C-FIV data
(not shown).
Yucca-dominated sites (Class Y) had high backscatter in both L-HV and P-HV data, and could be
confused with shrub-dominated sites if either L-I-IV or P-HV were used alone. However, yucca sites could be
distinguished from non-yucca sites using these data in combination, because yucca sites had higher P-HV
backscatter than non-yucca sites with similar L-HV backscatter.
The results might be explained by the greater sensitivity of longer wavelengths to larger canopy
structural components (Ulaby et al., 1986). P band appeared to be most sensitive to yucca, which has
uniformly large-diameter stems (10-15 cm). L band appeared to be most sensitive to woody shrubs, which are
intermediate in mean canopy element diameter between herbaceous vegetation (< 1 cm) and yucca. Application
of microwave backscattering models specifically developed for discontinuous canopies (e.g., Wang et al., 1993)
might reveal alternative explanations of the observed results.
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INTRODUCTION
Silicic (silica-rich) lava flows, such as rhyolite, rhyodacite, and dacite, possess
unique physical properties primarily because of the relatively high viscosity of the molten
lava. Silicic flows tend to be thicker than basaltic flows, and the resulting large-scale
morphology is typically a steep-sided dome or flow lobe, with aspect ratios
(height/length) sometimes approaching unity. The upper surfaces of silicic domes and
flows are normally emplaced as relatively cool, brittle slabs that fracture as they are
extruded from the central vent areas, and are then rafted away toward the flow margin as a
brittle carapace above a more ductile interior layer. This mode of emplacement results in
a surface with unique roughness characteristics, which can be well-characterized by multi-
parameter synthetic aperture radar (SAR) observations. In this paper, we examine the
scattering properties of several silicic domes in the Inyo volcanic chain in the Eastern
Sierra of California, using AIRSAR and TOPSAR data. Field measurements of
intermediate-scale (cm to tens of m) surface topography and block size are used to assess
the mechanisms of the scattering process, and to quantify the unique roughness
characteristics of the flow surfaces.
2. GEOLOGIC SETTING
The Inyo volcanic chain represents the most recent eruptive activity (500-1200
years before present) in the Long Valley Caldera volcanic complex [Miller, 1985].
Deadman, Glass Creek, Obsidian, and Wilson Butte domes form a north-south trending
chain of rhyolite flows, each 0.8 to 1.8 km in diameter, along the northwestern edge of
the Long Valley Caldera. The lava textures include coarsely and finely vesicular pumice
(CVP and FVP) and dense massive obsidian. CVP and obsidian are often associated with
upwelling zones and "crease structures" [Anderson and Fink, 1992], while FVP is the
dominant texture on most of the dome carapace. We have identified four distinct
morphological units on the Inyo domes [Anderson et al., 1994]: 1) Vent regions are
characterized by high relief, fractures and divergence of flow paths; 2) Ridged areas are
characterized by regularly-spaced compressional ridges, with wavelengths between 10 and
15 meters and amplitudes of 1 to 4 meters; 3) Jumbled regions have more subdued
topography and lack the characteristic structures present in vent and ridged areas; and 4)
Flow fronts are the steep margins of the domes, with relief of tens of meters, and
numerous nearly vertical cliff faces and zones of large blocky talus.
3. FIELD MEASUREMENTS
In order to understand the dominant mechanisms of radar scattering acting on the
various surface units, topographic profiles at 25-cm intervals and boulder size
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distributions were obtained at over 40 different vent, ridged, and jumbled zones on the
Inyo dome surfaces [Plaut et al., 1994]. Examples are shown in Table 1. Data reduction
of the topographic profiles included: detrending, rms height (standard deviation of surface
heights), rms slope (standard deviation of point-to-adjacent-point slopes), and correlation
length (offset for which autocorrelation function fails to I/e). Boulder size distributions
were obtained along each topographic transect; the transects were typically 20-40 meters
in length.
4. AiRSAR AND TOPSAR DATA
The NASA/JPL AIRSAR instrument was flown over the Inyo site in the
summer of 1993. Three passes (at 25, 35, and 45-degree incidence angles) were obtained
in the standard polarimetric mode, and several passes were obtained in the TOPSAR C-
band cross-track interferometric mode. Some AIRSAR data were also available from an
earlier campaign in 1989. HH backscatter behavior at C- and L-band was analyzed and
interpolated to simulate S-band (12 cm) for comparison with SAR data from lava domes
on Venus thought to be of similar origin (Figure 1) [Pavri et al., 1992]. The Inyo domes
show an overall higher backscatter and shallower scattering "law" slopes than the Venus
domes, which is consistent with the extreme degree of roughness that is observed in the
field on the surfaces of the Inyo domes. Circular polarization ratios were also analyzed to
identify the relative contributions of single- and double-bounce scattering mechanisms.
L-band circular polarization ratios as high as 0.75 were common on the dome surfaces.
A preliminary TOPSAR integrated processing run was conducted on one of the
1993 passes. After removal of a cross-track ramp, elevation values appear quite
consistent with published conventional topographic data. C-band SAR data were ortho-
rectified and backscatter cross-sections were corrected for the scattering area of tilted
pixels. A map of local incidence angle was also produced. New lava flow volume
calculations were made for two of the domes that appear to rest on a relatively level
substrate: Wilson Butte (0.0018 km 3) and Obsidian Dome (0.0175 km3).
5. DISCUSSION
Field measurements (Table 1) indicate that the surfaces of these silicic lava flows
and domes are among the roughest ever measured. Rms height values commonly greater
than 50 cm, and rms slope values commonly greater than 30 degrees, exceed those
measured on all but the roughest a'a basaltic lava flows [Campbell and Garvin, 1993].
Blocks larger than 20 cm normally cover over 50% of the surface, suggesting that large-
scale facets predominate over subwavelength scatterers in the SAR backscatter
measurements. HH backscatter cross-sections are also among the highest ever measured
for dry rock surfaces. TOPSAR scattering-area corrections should allow direct comparison
of scattering behavior of various geologic surfaces independent of the local pixel-scale
scattering angle, which could bias conventional measurements on high relief surfaces such
as these. Circular polarization ratios approaching unity suggest a major contribution of
double-bounce to the scattering process, which is consistent with the angular, blocky
appearance of many of these surfaces in the field. Few unvegetated natural surfaces
display the observed characteristics of very high, nearly isotropic backscatter and a high
circular polarization ratio.
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Table 1. Roughness characteristics of selected lava flow surfaces from field measurements.
Rms slopes for Venus domes are derived from Hagfors-modelled Magellan altimetry data.
Site Rms Rms Correlation Arctan Blocks, Blocks,
Height, Slope, Length, (h/l), % < 10 cm % > 20 cm
cm degrees cm degrees
Obsidian 54.31 34.51 150.0 19.90
Dome, ridges
Osidian 30.09 35.52 50.0 31.04
Dome, jumbled
Obsidian 82.29 40.01 i 25.0 33.36
Dome, vent
Obsidian 50.86 23.76 200.0 14.27
Dome, slabs
Cima, 32.49 22.33 400.0 4.64
a'a channel
Cima, 53.18 32.68 175.0 16.90
a"a margin
Kilauea, 7.70 3.92 350.0 1.27
pahoehoe _
Venus, <5.0
steep-sided
domes 2
44 31
10 64
7 73
31 50
50 26
28 51
lfrom Campbell and Garvin (1993) 2from Pavri et al. (1992)
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1. STUDY SITE AND BIOMASS ESTIMATES
The Manu National Park, in Peru, is located at the remote western edge of the Amazon basin
[1-3]. It contains pristine, tropical rain forest types with a striking diversity of tropical tree
species. The generally humid climate is interrupted by a dry season in July-August. Floodplain
succession and climax forests occur on nutrient rich alluvial soils along the Rio Manu and mature
forests on more dry and leached soils on the adjacent hills. Since a biomass inventory was not
available for any forest in this area, a ground team characterized the major forest types and
approximate spatial distribution of vegetation along the accessible areas of the lower Manu
river in September 1993. Seventeen plots with representative vegetation types were measured
for average tree and canopy height, canopy closure, tree density and understory composition.
The aboveground biomass for all forest types was estimated by applying allometric equations
[4], derived from pristine South-Asian forests [5]. Aboveground dry biomass of early forest
succession like mature Tessaria integrifolia (Asteraceae) and Gynerium sagittatum (Poaceae)
(10 m) was estimated to be 4 kg/m 2 and 4.3 kg/m 2 in Gynerium-Cecropia membranacea stand
(17 m). Aboveground biomass in a permanently inundated Aguajal (max. 22 m height) was
estimated to be 13 kg/m =, in a mainly dry and open Aguajal (26 m) 17 kg/m 2, and 18 kg/m 2
in a typical Aguajal (28 m) with moist soil and a high palm density. Broadleaf forest types
along the Rio Manu are evergreen to semi-deciduous with wide variations in canopy structure.
In the floodplain, we calculated for a mosaic forest (>27 m) on rich alluvial soil a biomass
of 31 kg/m 2. On adjacent hills, forests vary from tall stands with closed canopies to open
semi-deciduous stands. We calculated 28 kg/m 2 for a semi-deciduous upland forest (30 m)
and 46 kg/m 2 for a tall forest (40 m) with closed overstory. Total aboveground biomass of a
tall (>50 m), old growth floodplain forest at Cocha Cashu, Rio Manu, was estimated to be
104 kg/m 2. This value represents probably the highest aboveground biomasss accumulation
found in this area due to the large size of individual trees reaching emergent tree heights of
53 m with diameter at breast height (dbh) of 3 m and a closed canopy of dominant trees with
dbh between 0.9 and 2.4 m [6]. The estimated biomass values for mature old growth floodplain
forest clearly exceed the reported average value of 67 kg/rn 2 for high dense tropical forests of
the generally poorer soils on Terra Firme in the Brazilian forests [7]. However, in general, even
higher forest volumes are possible and have been repeatedly reported for temperate coastal rain
forests in higher latitudes [8]. Since the impressive, mature floodplain forests cover relatively
small areas, the average aboveground biornass weighed by the area covered by each species is
expected to be much lower.
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2. MAPPING OF MAJOR VEGETATION FORMATIONS
Using a maximum-a-posteriori Bayesian classifier for polarimetric SAR data, and selecting
training areas representative of various types of vegetation along the Rio Manu floodplain, we
generated a classification map (AIRSAR Workshop Slide 2b) of the 10-km wide P-band data
into the following 9 categories of land cover: 1) tall semi-deciduous forest; 2) palm aguajal; 3)
tessaria forest; 4) gynerium forest; 5) cecropia forest; 6) mosaic forest; 7) segdes; 8) bare soil;
and 9) water. Classifications obtained using the L- or C-band data did not prove as useful as the
one generated using the P-band data. At P-band, HH-polarization is the most useful polariza-
tion for separating the different types of vegetation. Comparison of the SAR results with sample
plots placed at selected locations along the Manu river indicates that the SAR-derived vegeta-
tion map provides a correct representation of the distribution in forest types in that area, and
that the P-band radar is able to separate most major vegetation formations in the floodplains.
The treatment of forested areas in the uphill section of the Park is complicated by the pres-
ence of an undulating 30-50 m topography, for which we do not have a reliable digital elevation
model, and which would need to be accounted for to obtain a correct mapping of the vegetation.
3. MAPPING OF MAJOR CLASSES OF BIOMASS
We developed an empirical relationship between forest biomass and radar backscatter for this
area to generate a map of forest biomass [9]. At the low biomass levels (< 10 kg/m2), we
used the regression curve which was developed for Alaskan forests and which utilized the P-
band HH-, HV-, and VV-polarized data gathered during the dry season [10]. At the higher
biomass levels, the regression curve correctly separated the different classes of biomass, but
underestimated forest biomass quite significantly. We modified the regression to increase the
predicted biomass levels for large radar backscatter values and obtain a better agreement with
our ground estimates.
Areas where the forest biomass predicted from the radar exceeds 30 kg/m 2 (dark green) cor-
respond to the mature floodplain forests where woody biomass is indeed expected to be the
largest. The forest floor in the imaged broadleaf forests was dry at the time of the AIRSAR
overflight (the dry season ends in September), so the enhanced radar signature of these stands
at HH-polarization is not caused by wetter ground layers but more likely by tall tree trunks
of large diameter. Forest biomass is lower in palm forests (green), which are surrounded by
broad]eaf forests of higher biomass (dark green). Old meanders, sealed off by freshly deposited
sediment and showing as oxbow lakes (Cochas) with open water are mapped as areas of no
biomass (black). Low biomass (brown) is estimated along the termini of Cochas, having an
early succession of sedges, grasses and shrubs (especially Annona tessmannii (Annonaceae)),
which are occasionally intercut by a tall stand of Heliconia episcopalis (Musaceae) with slightly
larger biomass (oxbow at center right of the scene, green). In the expanding meander loop, in
the center left of Slide 2b, that points down towards the lower border of the river, the early
succession of riparian vegetation is well discriminated in the biomass map. Forest succession
starts from the beach with short, even-aged stands of fast-growing Tessaria shrubs, followed by
Gynerium stands (6 m in height) with higher biomass (dark brown). Adjacent are older suc-
cessional stages of Tessaria-Gynerium (10-12 m in height) (light brown), and pure Gynerium
(yellow). Continuing inland, towards the top of the scene, are deciduous leafless tree species
4O
mixed with Cecropia (10-26 m) above a 5 m tall understory of Gynerium. This forest appears
blue-green in AIRSAR Workshop Slide 2a, and corresponds to a higher biomass level. A mosaic
of semi-deciduous floodplain forest (30-35 m) with higher predicted biomass follows. This type
of clearly zoned and highly productive, riparian forest succession, where each stage reaches a
greater absolute height than the previous one, is characteristic of this area and can be identified
at many other locations along the river in AIRSAR Workshop Slide 2a.
4. CONCLUSIONS
In the tropical rain forests of Manu, in Peru, where forest biomass ranges from 4 kg/m 2 in
young forest succession up to 100 kg/m 2 in old, undisturbed floodplain stands, the P-band po-
larimetric radar data gathered in June of 1993 by the AIRSAR instrument separate most major
vegetation formations and also perform better than expected in estimating woody biomass. The
worldwide need for large scale, updated biomass estimates, achieved with a uniformly applied
method, as well as reliable maps of land cover, justifies a more in-depth exploration of long
wavelength imaging radar applications for tropical forests inventories.
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1. INTRODUCTION
Radar hackscatter intensity as measured by calibrated synthetic aperture radar (SAR) systems is
primarily controlled by three factors: local incidence angle, wavelength-scale ronghness, and dielectric
permittivity of surface materials. In order to make adequate use of radar observations for geological
investigations of surface type, the relationships between lithology and the above characteristics must be
adequately understood. In arid terrains weathering signatures (e.g. fi-acturing, debris grain size and shape,
slope characteristics) are controlled to some extent by lithologic characteristics of the parent bedrock. These
textural features of outcrops and their associated debris control radar backscatter to varying degrees. The
quad-polarization _ AIRSAR system allows sampling oftextores at three distinct wavelength scales: C-band
(5.66 cm), L-band (23.98 cm), and P-band (68.13 cm).
This paper presents a discussion of AIRSAR data using recent field observations of weathered felsic and
basaltic volcanic rock units exposed in the southern part of the Lunar Crater Volcanic Field, in the Pancake
Range of central Nevada (Snyder et al, 1972). The focus is on the relationship of radar backscatter at multiple
wavelengths to weathering style and parent bedrock lithology.
2. GEOLOGIC SETTING
The Lunar Crater portion of the Pancake Range consists of Tertiary 0 1 to 25 my old) rhyolitic to
andesitic volcanic rocks (Ekren et al. 1974) including andesitic and quartz latitic lavas, and a number of
distinct welded and bedded tuff units displaying varying phenocryst and lithic contents and devitrification
textures (Snyder et al, 1972). Basin and Range style tectonics strongly faulted the Tertiary volcanics and also
isolated the drainage of the region. Neafoy Lunar Lake playa is the result of this internal drainage. Pleistocene
and Holocene basalt units extruded through a number of cones and NNE trending fissures (Scott and Tmsk,
1971; Snyder et al, 1972). The region has remained relatively stable during the Quaternary. Mass wasting has
resulted in the development of extensive alluvial fans, and fluvial deposits, and recent aeolian activity has
locally developped desert pavement.
Basalt outcrops in the area show relatively mature upper weathered surfaces, with well-developed desert
pavements consisting ofhasalt cobbles 10-40 cm in diameter resting on an aeolian-derived soft of up to several
meters in thickness. Felsic outcrop morphologies are highly variable, ranging from low rounded hills with
relatively thick soils to cap-rocked mesas with fresh bedrock exposures and steep cliff faces as high as 250 m.
Alluvial deposits are predominantly sandy gravels, although several washes contain large boulders reflecting
high-energy depositional environments.
3. FIELD OBSERVATIONS
Within the area, two types of terranes were the focus of field observations. The first is a plateau
occupied by a fiat lying rhyolite ashflow exposed largely as in-situ debris.The top few metres of the ashflow are
strongly welded and dissected into metro-sized columnar joints. Their weathering products form three domains
with distinct surface morphologies: i) metre-size boulders (core stones) and large exposures of spheroidally
weathered bedrock with dispersed Juniper trees, ii) areas of cm-size debris with sparsely dispersed shrubs and,
iii) areas of decimetre-size slabs with sparsely dispersed shrubs. All three domains display unique SAR
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signaturesandasawholearecharacteristicof the upper most part of the ashilow. Immediately below the
columnar joints is a more fractured and friable part of the ashflow which is exposed along the valleys
dissecting the plateau. This surface is characterised by loose era-size debris overgrown by denser and larger
shrubs than observed at the top of the plateau. Table 1 summarize the characteristics of the unconsolidated
material and vegetation for both parts of the ashilow. The controls on the SAR signals by surface
characteristics are discussed below.
The second terrain consists of alluvial fans with older areas of desert pavement dissected by active
channels. The fans material varies in lithological makeup and surface roughness depending on provenance.
The majority of clasts are derived from felsic ashflows, which is the bedrock for most of the mesas, making the
field determination of clast provenance a difficult task. Locally, however, fan surfaces displaying subtle
differences in average clast size due to specific source regions can be seen in the SAP, data. Table 2 provides
a description of fan surfaces which are difficult to separate in the field but which can be distinguished using
the polarimetric SAR signatures.
4. DATAANALYS_
Alluvial fans
HH and VV polarizations
The mapping of alluvial fans was conducted using C-band data because of its sensitivity to the range of
clast sizes dominant on these surfaces (0.5-1.5 cm). The effect of surface roughness on C_ and Cw returns
is very strong particularly in the case of smooth surfaces (rms surface heights less than 1 cm). Subtle
differences in mean clast size, in this case 0.5 cm and 1.5 cm, are detectable and can be related to the
provenance of the material in the fans. L and P-band images did not improve the mapping of most fans but
did outline portions of fans dominated by boulders deposited in a high-energy environment.
The drainage channels cutting the fans are imperceptible in C band. The channels are dominated by
sand and thus are smoother than surrounding fans but these differences in roughness are not detectable
because the channels are suhpixel in size. The channels are easily observed in L and P band wavelengths
because the presence of moisture at depth (< 4 cm) is detectable resulting in enhanced backscatter.
HV polarization
Images of the cross-polarized signals portray information largely related to the distribution of vegetation
density and type (or size). Fan areas occupied by grass are distinct and show the weakest signals at all bands.
Fan areas with shrub density (< 15%) and size (diameter < 35 cm) such as described in table 2 produce weak
signals and signal variations in C band. Distinct signatures in C and L band were observed for a site with
30% shrubs with average crown diameter of 45 cm. This extent of vegetation cover is easily mapped using a
combination of CHV,LHVand PHVand is typical of widespread fan areas located in the downslope proximity of
the plateaus. The vegetation on the fans contributes minimal HH and W returns and does not mask the fan
roughness variations observed on the like-polarization images.
Plateau
HH and VV polarizations
Although mapped by Snyder et al (1972) as a single map unit, the two subunits of the ashflow described
in table 1 display dramatically different radar signatures related to weathering style. These two units illustrate
the use of radar for lithologic discrimination based on surface roughness and vegetation. Unit 1 forms an
erosional cap to the mesa and is characterized by a predominance of rock debris. The three geomorphic
domains of unit 1 span a range of surface roughness from smooth bedrock surfaces and relatively smooth
pebble pavement to irregular surfaces rich in rock slabs. These surfaces respectively produce stronger returns
in C and P band. Rock outcrops with steep topography provide strong returns independent of wavelengths. In
contrast unit 2 shows high returns in C and L-band where significant L-band return from the woody
component of the shrubs appears to be contributed to the return of the fine pebble surface.
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HV polarization
Large, 2-3 m high, Juniper trees produce strong returns in P-band, a radar signature diagnostic of unit
1. Unit 2 produces strong returns in L band because of the high concentration of relatively large sagebrushes
and saltbusbes which have thick, woody stems and branches (table 2).
5. CONCLUSIONS
For the southern Lunar Crater Volcanic Field, analysis of SAR imagery and field observations
indicates that the radar signatures of alluvial fan surfaces and weathered bedrock are largely controlled by
surface roughness and the nature of the vegetation cover. Because these characteristics vary with lithology, it
is possible to use the frequency and polarimetric information to map lithology and alluvial fans.
In this site we were able to successfully separate 3 types of alluvium in the depositional fiat based on a
combination of roughness scale and vegetation type. These characteristics appear to be related to material
provenance.
On the plateau, we were able to discriminate different weathering styles of the same lithology, which
are indicative of different levels (depths) of erosion within the ashflows. We are presently evaluating whether
variations in weathering styles within an aslfflow can be related to variations in degree of welding.
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7. TABLES
Table 1, Surficial characteristics of the ashflow plateau
Unit l(mostly derived from colurnnar joints):
• Domain 1 (fig. 1, left of letter a): bedrock displaying granite weathering, 5-10%" cover of juniper
trees 3 rn in height with average trunk diameter of 7-12 cm.
• Domain 2 (fig. 1, left of letter b): pavement of densily packed 1-2 crn size rounded fragment, 20%
shrubs averaging 50 cm in height and 30 cm in diameter. Maximum branch diameter of 1-2 cm.
• Domain 3 (fig. 1, left of letter c): pavement of flat slabs with an average area of 25 x 25 cm and up to
50 x 100 cm, which occupy approximately 23% of the surface, and set in a matrix of 0.5-1.5 cm size
angular clasts. Vegetation is similar to that observed in domain 2.
Unit 2 :
• The unit (fig. 1, below letter d) consists of a loose surface, 2-3 cm deep, made up of fine rubble (0.5-2
cm in size) covered to 30-40% by sage shrubs. Shrubs are in average lm in height, 0.75m in diameter,
with a trunk diameter of 6 cm.
"Refers to estimates in plane view
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Tabl_ 2. Surficial 9hamctcristics of the alluvial fans
• Fan 1 (fig. 1, letter e): 5-10% grass, 8% shrubs with an average diameter of 25 cm. Remainder is a
weakly compacted surface two thirds of which are clast < 0.5 cm in size and one third of which are fines
(< lmm).
• Fan 2 (fig. 1, letter 1,):15% shrubs with an average diameter of 35 cm and trunk size of 1-2 cm. The
remainder is a compacted surface largely dominated (< 90%) by rounded clasts of uniform size (1-1.5
cm).
• Channels consist dominantly of loose sand (beyond a decimeter) with few ¢m clasts and rare boulders.
Moisture was present at 4cm depth and vegetation is vigorous. Bushes are typically 50cm in height.
Figure 1. AIRSAR C-band HH image in slant range, illumination from the top (northwest). Calibration of
phase, amplitude and co-channel gain imbalance was conducted using trihedral corner reflectors and assuming
the absence of relief. No attempt was made to calibrate the data with the use of a DEM. Thus our efforts have
focused on the analysis of SAR signatures for relatively fiat areas. Approximate scene dimensions of 9 x 9 kin.
Letters refer to locations discussed in the text and described in the tahl_
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In contrast to traditional Synthetic Aperture Radar (SAR), an Interferometric SAR (INSAR) yields two
additional measurements: the phase difference and the correlation between the two interferometric channels.
The phase difference has been used to estimate topographic height. For homogeneous surfaces, the correlation
depends on the system signal-to-noise (SNR) ratio, the interferometer parameters, and the local slope. In
the presence of volume scattering, such as that encountered in vegetation canopies, the correlation between
the two channels is also dependent on the degree of penetration of the radiation into the scattering medium.
In this paper, we propose a method for removing system and slope effects in order to obtain the decorrelation
due to penetration alone. The sensitivities and accuracy of the proposed method are determined by Monte
Carlo experiments, and we show that the proposed technique has sufficient sensitivity to provide penetration
measurements for airborne SAR systems.
Next, we provide a theoretical model to estimate the degree of penetration in a way which is independent
of the details of the scattering medium. We also present a model for the correlation from non-homogeneous
layers. We assess the sensitivity of the proposed inversion technique to these inhomogeneous situations.
Finally, we present a comparison of the interferometric results against in situ data obtained by an airborne
laser profilometer which provides a direct measurement of tree height and an estimate of the vegetation
density profile in the forested areas around Mt. Adams, WA.
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In recent years, monitoring vegetation biomass over various climate zones has
become the primary focus of several studies interested in assessing the role of the
ecosystem responses to climate change and human activities. Airborne and spaceborne
Synthetic Aperture Radar (SAR) systems provide a useful tool to directly estimate
biomass due to its sensitivity to structural and moisture characteristics of vegetation
canopies. Even though the sensitivity of SAR data to total aboveground biomass has
been successfully demonstrated in many controlled experiments over boreal forests and
forest plantations, so far, no biomass estimation algorithm has been developed. This is
mainly due to the fact that the SAR data, even at lowest frequency (P-band) saturates at
biomass levels of about 200 tons/ha, and the structure and moisture information in the
SAR signal forces the estimation algorithm to be forest type dependent.
In this paper, we discuss the development of a hybrid forest biomass algorithm which
uses a SAR derived land cover map in conjunction with a forest backscatter model and an
inversion algorithm to estimate forest canopy water content. It is shown that unlike the
direct biomass estimation from SAR data, the estimation of water content does not
depend on the seasonal and/or environmental conditions. The total aboveground
biomass can then be derived from canopy water content for each type of forest by
incorporating other ecological information. Preliminary results from this technique over
several boreal forest stands indicate that 1) the forest biomass can be estimated with
reasonable accuracy, and 2) the saturation level of the SAR signal can be enhanced by
separating the crown and trunk biomass in the inversion algorithm.
We have used the JPL AIRSAR data over BOREAS southern study area to test the
algorithm and to generate regional scale water content and biomass maps. The results
are compared with ground data and the sources of errors are discussed. Several SAR
images in synoptic modes are used to generate the parameter maps. The maps are then
combined to generate mosaic maps over the BOREAS modeling grid.
This work was carried out at the Jet Propulsion Laboratory, California Institute of
Technology and Goddard Space Flight Center under a contract with the National
Aeronautics and Space Administration.
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ABSTRACT
Monitoring spatial and temporal changes of soil moisture are of important to hydrology, meteorol-
ogy, and agriculture. This paper reports a result on study of using L-band SAR imagery to estimate soil
moisture and surface roughness for bare fields. Due to limitations of the Small Perturbation Model, it is
difficult to apply this model on estimation of soil moisture and surface roughness directly. In this study,
we show a simplified model derived from the Integral Equation Model for estimation of soil moisture
and surface roughness. We show a test of this model using JPL L-band AIRSAR data.
INTRODUCTION
Estimates of soil moisture are of great importance in numerous environmental studies, including
hydrology, meteorology, and agriculture. In spite of its importance, soil moisture data is not generally
used in resource monitoring or prediction because they are difficult and costly to measure on a routine
basis over large areas.
Our previous work (Shi, 1992) indicated that the ratio of the co-polarization signals could be used
for soil moisture retrieval at longer wavelengths (L-band) and at larger incidence angles (> 40°). The
algorithm to infer soil moisture from imaging radar data was based on a first-order surface scattering
model - the Small Perturbation model. This model predicts that the co-polarization ratio is sensitive
to soil moisture at large incidence angles but not to surface roughness. However, due to the surface
roughness parameters of most of natural surface are outside the range of the valid conditions for the
Small Perturbation and Geometric Optical models, application of these surface scattering models are
greatly limited to certain types of the surface roughness conditions. This results in an underestimation
of soil moisture when the first-order Small Perturbation model was applied to imaging radar data.
The recently developed Integral Equation Model (IEM) (Fung, 1992) allows a much wider range
of the surface roughness conditions, making it possible to estimate soil moisture using IEM model.
However, it does not allow to apply this model directly to infer geophysical parameters because of the
complicity of this model and the limited independent observations provided by SAR measurements.
Washita '92 was a cooperative experiment between NASA, USDA, several other government agen-
cies and universities with the objective of testing the usefulness of remotely sensed data in hydrologic
modeling. During the experiment, a time series of spatially distributed hydrologic data, focusing on soil
moisture and evaporative fluxes, using both conventional and remotely sensed methods, were collected
over the Little Washita Watershed and a few immediately surrounding areas in Chickasha, OK. Data
collection was conducted during the period of June 10 through June 18, 1992. The observations followed
a period of very heavy rains over several weeks that ended on June 9 provided saturated soil conditions
with standing water at the beginning of the experiment. No rainfall occurred during the experimental
period thus allowing the observation of drying conditions. NASA provided support for two aircraft; the
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C-130 and the DC-8. The DC-8 flew the three frequency synthetic aperture radar which provided data
for this analysis. Figure I shows two L-band VV/HH ratio images, where the brightness is proportional
to soil moisture at a given incidence angle and inversely related to the surface roughness parameter,
taken on June 10 and 18, 1992 of the study site - the Little Washita Watershed.
This study shows our continue efforts on developing and testing the algorithm for retrieval soil
moisture and roughness parameters using L-band JPL AIRSAR data. We show (1) a simplified surface
backscattering model particularly derived for soil moisture conditions with a random rough surface from
the numerical simulations by IEM model, and (2) soil moisture retrieval model test and comparison
with ground measurements using L-band AIRSAR data.
INTEGRAL EQUATION MODEL SIMPLICATION
The surface backscattering is a function of the permittivity of soil and the roughness of the air-soil
interface which is described by the auto-correlation function of random surface height, the standard
deviation of the surface height, and the correlation length. Due to the surface roughness parameters of
most of natural surface are outside the range of the valid conditions of the tradition surface scattering
models, such as the Small Perturbation and Geometric Optical models, application of these surface
scattering models are greatly limited to certain types of the surface roughness conditions. The recently
developed Integral Equation Model (IEM) (Fung, 1992) allows a much wider range of the surface
roughness conditions.
Due to complicity of IEM model and the limited number of independent observations from the
polarimetric SAR, we need to minimize or combine these factors in order to separate the effects of the
surface roughness and the dielectric constant of soil. As shown by Fung (1992), when the random surface
height s is small,/_pp can be approximated to a_p which reflectivity function of the Small Perturbation
Model. This makes it possible to simplify IEM model for a relative smooth surface. Using IEM model,
we simulated the surface backscattering coefficients of _w, _hh, and _hh. at L-band for the most
common soil moisture and surface roughness conditions. The simulated backscattering coefficients
cover the ranges for soil moisture from 5 percent to 50 percent by volume at interval 5 percent, for the
incidence angle from 206 to 700 at interval 5° , for the standard deviation of random surface height from
0.2 cm to 3.0 cm at interval 0.2 cm, and for the surface correlation length 2.5 cm to 25 cm at interval
2.5 cm. The total simulated backscattering coefficients is 23,475 for different combinations of incidence
angle, soil moisture and surface roughness parameters.
Through statistical analysis, we found a simplified form for the backscattering coefficients
Sr
_" = '_"" [(a,p(O,) +-b,,(O,)$r)] (1)
and the ratio of _hh to _%_
O'hh Io,,hl2 • ks(b,-(O_)+ c,-(O_)W)] (2)
= io,,,,,l'-_-_ezp[a,.(e,).+O.v'-'-"_
where pp represents polarization. Sr, which is Sr = (ks)2W. W is the Fourier transform of the
power spectrum of the surface correlation function, app, bpp, at, b,, and cr are the coefficients only
depending only on the incidence angle and polarization.
As shown in Figure 2 for _vv and o__ the simplified model agrees well with the IEM model for theOww '
simulated conditions. For VV polarization, the maximum absolute error between the IEM model and
the simplified model is 1.2 dB and the absolute error within 0.23 dB can be obtained with 95 percent
confidance interval. For the ratio, the maximum absolute error is 0.89 dB and 0.17 dB for 95 percent
confidance interval.
Notice that there are three unknowns in the IEM model: the dielectric constant, random surface
height, and correlation length. The simplified model in Equation (1), has only two unknowns the
dielectric constant through the reflectivity ]a_p(0, _)[ and the surface roughness parameter Sr. When
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we use two polarization measurements, both the dielectric constant _ and surface roughness Sr can
be solved simultaneously. The task is to select the best pair of the simplified backscattering model for
different polarizations. We have evaluated all pairs of _r_, trhh, and _hh and their linear combinations.
We found that the best pair is _ and _hh. Using two of Equations of (1) for _,_ and _hn, we
found the relationship:
Ic,  l2 ,,,, [ot,_,_hh12
- + (3)
O"w O'_vhh
Using Equation (3), we can infer soil moisture directly by varying the dielectric constant through
[a_l _ and la_hh[. The a_ffi(#i) and b_(Oi) are coefficients pre-determined from statistical analysis.
Then, the surface roughness parameters ks and W can be found by using Equations (1) and (2).
ESTIMATE SOIL MOISTURE USING AmSAR
To perform the algorithm for measuring soil moisture and surface roughness parameter the stokes
matrix was determined by the mean value within a 3 x 3 window in order to reduce the effect of
image speckle. In addition to the model simplification, image speckle, antenna thermal noise and the
calibration error will also decrease the measurement accuracy. We expect that the measurement of soil
moisture and surface roughness parameter can not be done for some pixels and that some degree of
uncertainty exists in the estimated soil moisture surface roughness parameter. In post-processing, an
average value from surround pixels within a 5 x 5 window was applied to reduce the uncertainties.
Figure 3 on top and bottom show three images of the inferred soil moisture, ks, and W from
AIRSAR data.take on June 10, and 18, 1992, respectively. The image brightness is proportion to the
soil moisture, ks, and W. The black regions in Figure 3 are the SAR measurements outside surface
scattering model predictions, such as vegetation covered fields. The field measurements indicated that
there was a significant drop of soil moisture from 28.7 the inferred soil moisture from SAR measurements.
Figure 3 on middle and right show the images of the inferred surface roughness parameters: ks and
W. They are almost constant for the bare fields except the vegetated fields. Those vegetations may
cause significant scattering contribution, especially at large incidence angle, which affects both the
backscattering magnitudes and the difference between two polarizations. As a result it will under-
estimate soil moisture and over-estimate surface roughness parameters.
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Figure 1. L-band VV/HH ratio images on June 10 (left) and 18 (right) of study site.
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Figure 2. Comparison the absolute error of the Simplified Model with Integral Equation Model for
backscattering coefficients W on left and HH/W on right
Figure 3 L-band SAR derived soil moisture and surface roughness parameter maps.
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